The current literature on bacterial taxonomy, typing and evolution will be critically examined from the perspective of whole-genome structure, function and organization. The following three categories of DNA band pattern studies will be reviewed : (i) random whole-genome analysis ; (ii) specific gene variation and (iii) mobile genetic elements. (i) The use of RAPD, PFGE and AFLP to analyse the whole genome will provide a skeleton of polymorphic sites with exact genomic positions as whole-genome sequence data become available. (ii) Different genes provide different levels of evolutionary information for determining isolate relatedness depending on whether they are highly variable (prone to recombination events and horizontal transfer), housekeeping genes with only a small number of single nucleotide differences between isolates or part of the rrn multigene family that is prone to intragenomic recombination and concerted evolution. Comparative analyses of these different gene classes can provide enhanced information about isolate relatedness. (iii) Mobile genetic elements such as insertion sequences, transposons, plasmids and bacteriophages integrate into the bacterial genome at specific (e.g. tRNA genes) or non-specific sites to alter band patterns produced by PFGE, RAPD or AFLP. From the literature it is not clear what level of genetic element duplication constitutes non-relatedness of isolates. A model is presented that incorporates all of the above genomic characteristics for the determination of isolate relatedness in taxonomic, typing and evolutionary studies.
OVERVIEW
The analysis of DNA has been used in a large number of studies on bacterial taxonomy and bacterial typing, and as well to further our understanding of the basic mechanisms of evolution. The techniques and approaches used to determine genetic polymorphisms have been reviewed for lactic acid bacteria (Klein et al., Abbreviations : AFLP, amplified fragment length polymorphism ; AP-PCR, arbitrarily primed PCR ; BOX, invertedly repeated elements ; CSGE, conformation-sensitive gel electrophoresis ; DGGE, denaturing-gradient gel electrophoresis ; ERIC, enterobacterial repetitive intergenic consensus sequences ; ISR, intergenic (16S-23S rDNA) spacer region ; MLEE, multilocus enzyme electrophoresis ; MLST, multilocus sequence typing ; RAPD, randomly amplified polymorphic DNA ; REP, repetitive extragenic palindromic sequence ; SSCP, single-stranded conformational polymorphism analysis. 1998), insertion sequences in Salmonella and Mycobacterium (Stanley & Saunders, 1996) , neurotoxins in Clostridium botulinum (Collins & East, 1998) , molecular typing methods for Neisseria meningitidis (Yakubu et al., 1999) , Campylobacter species (Wassenaar & Newell, 2000) and bacteria in general (Busse et al., 1996 ; Milch, 1998 ; Olive & Bean, 1999 ; Vaneechoutte & Van Eldere, 1997) . A proposal for the classification and nomenclature of techniques has been made (Vaneechoutte, 1996) and the discriminatory power of typing techniques for epidemiological studies has been discussed (Wilson & Spencer, 1999) . Review articles devoted to the use of specific approaches such as intergenic (16S-23S rDNA) spacer region (ISR)typing (Garcia-Martinez et al., 1999 ; Gu$ rtler & Stanisich, 1996) , pulsed-field gel electrophoresis (PFGE) (Tenover et al., 1995) , randomly amplified polymorphic DNA (RAPD) (Caetono-Anolle! s, 1993 ; Maiden et al. (1998) 
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Escherichia coli Papadopoulos et al. (1999) Power, 1996) and amplified fragment length polymorphism analysis (AFLP) (Savelkoul et al., 1999) are also available. The emphasis of these articles has been on methods and studies using DNA fragments separated by electrophoresis to increase discrimination between isolates to facilitate typing. However, all these methods target randomly positioned sites around the genome (e.g. PFGE targets infrequent restriction enzyme sites). In determining the value of these different methods for discriminating between isolates of various species, comparisons between the properties of different regions of the genome as revealed by the respective whole-band analysis methods and other methods discussed in the next section, are incomplete or non-existent. The purpose of this review is to examine the studies that have examined this question and to propose a model on which to base future studies.
The availability of DNA sequences for the complete genome of a number of bacteria (for a review, see Gu$ rtler, 1999) has paved the way for the identification of orthologous families of genes within genomes based on DNA sequence and gene function (Eisen, 1998a, b) . The characterization of orthologous gene families has been termed phylogenomics (Eisen, 1998b) . Related to phylogenomics is the concept of exaptation defined as the recruitment of DNA or RNA sequences into variant or novel function : RNAs from all categories have been identified that may be exapted as novel genes or regulatory elements (Brosius, 1999 ; Brosius & Gould, 1992) . Similarly, bacterial morphology provides significant evolutionary insights when mapped onto rRNA phylogeny since bacterial morphology has been shown to be remarkably consistent with rRNA phylogeny (Siefert & Fox, 1998) . A phylogenomic approach that includes information about the function 
Fig. 1.
Evolutionary changes in genome organization that may affect DNA band pattern studies on typing, taxonomy and evolution of bacterial isolates. The diagram is a schematic representation of a bacterial chromosome at two evolutionary time points (not to scale). Arrow between circles shows the direction of evolution. Symbols : bar with no circle, AFLP sites ; bar with open circle, SmaI sites (or other infrequent restriction enzyme site used for PFGE analysis of whole-genome variation) ; bar with filled circle, sites for RAPD, BOX, REP or ERIC. Double-headed arrow perpendicular to the chromosome is drawn through a gene (shading is different in the two chromosomes) that has undergone exaptation (recruitment of gene sequence to a different function through DNA sequence changes that may or may not be detected by DNA band pattern analysis, however phenotypic changes will occur). Single-headed arrow depicts a transposition, resulting in the relocation of a SmaI site. Shaded regions depict a number of different characteristics of genomic organization including differences in age (time at which DNA was acquired by the bacterial chromosome), GjC content, PR-2 fingerprint and genome signature (all these parameters are indexes of DNA acquisition and/or transposition). Filled (dark) regions depict operational genes (frequently transferred) opposed to informational genes (not shown) that are seldom transferred.
of the genes, exaptation and bacterial genetics of morphology and or biochemistry in the phylogenetic analysis may in the future be of value in inter-genomic as well as intra-genomic analyses of isolates and will be discussed in this review.
Genome organization
The evolution of bacteria has long been viewed primarily through the perspective of rRNA sequences (Woese, 1987) . The gene content of the genome (Snel et al., 1999) , the evolutionary rates of different classes of genes (Jain et al., 1999 ; Rivera et al., 1998) , genome signatures (defined as the ratios between the observed dinucleotide frequencies and the frequencies expected if neighbours were chosen at random) (Campbell et al., 1999) , GjC content (Sueoka, 1999) and the occurrence and location of gene duplications, rearrangements, insertions, gene capture (Szpirer et al., 1999) and horizontal gene transfer (Lawrence & Hartl, 1992 ; Teichmann et al., 1998) are all indices of genome organization that vary between species and possibly also in isolates within a species. A much more complete analysis of the taxonomy and evolution of bacteria may be possible with the current rapid DNA analysis techniques (see below) if these parameters are used as a framework.
The phylogeny constructed using the gene content of 11-12 completely sequenced bacteria correlated well with the phylogeny based on 16S rRNA sequences from the same species (Fitz-Gibbon & House, 1999 ; Snel et al., 1999) . This was interpreted to mean that horizontal gene transfer has only a limited role in determining the gene content of genomes. In contrast, other studies have shown that genes participating in housekeeping functions (operational genes) have a different phylogeny to genes participating in transcription, translation and related processes (informational genes) when compared from the complete genome sequences of several bacteria (Fitz-Gibbon & House, 1999 ; Jain et al., 1999 ; Rivera et al., 1998) suggesting that operational genes have been horizontally transferred continuously since the divergence of prokaryotes while informational genes are seldom horizontally transferred. The hypothesis put forward to explain these results was that informational genes were less frequently transferred than operational genes (Saunders et al., 1999b ; Smith et al., 1995) . When uptake sequences are absent in naturally transformable bacteria such as Helicobacter pylori it has been suggested that horizontal gene transfer across species is more likely (Saunders et al., 1999a) . Furthermore, an analysis of the complete Escherichia coli bacterial genome has shown that different parts of the genome have different ages (Lawrence & Ochman, 1998 ; Martin, 1999) ; the genome signature varies markedly between plasmid DNA and mitochondrial DNA (Campbell et al., 1999) ; the GjC content plots (Parity Rule 2, PR2) varies between species (Sueoka, 1999) and the GjC content varies within genomes (Franco et al., 1999) . These results suggest that fluidity within genomes may necessitate the sequence analysis of whole genomes at various levels to provide information on how to develop rapid DNA procedures for the analysis of bacterial isolates and how to characterize their relationships.
Rather than provide a compendium of all the molecular typing studies that have been used in different bacterial species, this review will provide a different perspective by comparing, in a phylogenomic context, the following categories of typing techniques (Table 1) : (a) random whole-genome analysis ; (b) specific gene variation and (c) mobile genetic elements. The potential meaning of these techniques will then be compared to the conclusions drawn from studies on whole-genome organization and function. Furthermore, this review will make suggestions on combining this ever increasing body of information on genome structure and organization with the rapid methods that have been developed recently for typing, taxonomy and evolutionary studies of bacterial isolates, to provide more complete answers to questions in areas such as bacterial identification and hospital epidemiology.
DNA band pattern studies on typing, taxonomy and evolution of bacteria (a) Random whole-genome analysis
The analysis of whole genomes by DNA band pattern analysis has been facilitated by (1) the discovery of repetitive elements and their analysis by a number of PCR based techniques (including RAPD, ERIC, BOX and REP) and (2) the analysis of restriction enzyme sites on bacterial chromosomes by PFGE and AFLP. These two advances led to a plethora of studies using these techniques in a wide range of bacterial species, some of which have been cited in the review articles stated above. All of these techniques recognize random sites on the genome that cannot be predicted without the whole genome sequence. The following discussion will outline a number of recent studies that have used these techniques in the context of some of the wholegenome organization characteristics already discussed, the approaches used to analyse these band patterns and the stability and interpretation of the band patterns studies (use Figs 1 and 2 as guides to the principles discussed).
Specificity of repetive element analysis by PCR. The 33 bp REP sequence is found in about 500 copies dispersed around the chromosomes of Escherichia coli and Salmonella typhimurium (Gilson et al., 1984 ; Stern et al., 1984) . The 126 bp ERIC sequence is present in many copies in the genomes of enterobacteria (Hulton et al., 1991) . The BOX element is an invertedly repeated DNA element found in Streptococcus pneumoniae (Martin et al., 1992) . RAPD and AP-PCR use short arbitrarily chosen primers 8-10 nt in length that hybridize randomly on the genome (Caetono-Anolle! s, 1993 ; Power, 1996) . It has recently been shown that the PCR protocols used to amplify the short interspersed repetitive elements (including ERIC, REP and BOX) are generated by the same mechanism as RAPD and AP-PCR because ERIC-PCR produced complex DNA fingerprints from eukaryotes (Gillings & Holley, 1997) even though no direct evidence for the presence of ERIC elements has ever been found outside Gram-negative enterobacterial species (Hulton et al., 1991 ; Versalovic et al., 1991) . These results demonstrate the non-specific target regions of these techniques for generating DNA fingerprints.
Analysis and interpretation of band patterns. The use of infrequent cleaving restriction enzymes to generate a DNA band pattern that is separated by PFGE or by ligating PCR primers to genomic restriction fragments as in AFLP and subsequent sequence gel analysis are very common techniques for determining the genetic relatedness of isolates. The most common way to analyse the complex patterns obtained by electrophoretic separation is to compare the bands between isolates, obtain a similarity matrix and then analyse by parsimony, neighbour-joining or maximum-likelihood methods (Tenover et al., 1995) . However, the biggest problem with this approach is that isolates on different gels are not easily compared. An alternative approach has been developed by determining the similarity between pairs of taxa using the product-moment correlation coefficient applied to the whole densitometric curves of the gel tracks (Rademaker et al., 2000) . Using this approach and regression analysis comparisons of ERIC, REP-PCR and BOX patterns from different gels were made by regression analysis that were not previously possible. It appears that this may be a more reliable approach for large numbers of isolates and for comparing different techniques.
Stability of band patterns. The basis of PFGE assessment of genetic relatedness of PFGE band patterns is : no band differences -indistinguishable ; 2-3 band differences -closely related ; 4-6 band differences -possibly related and more than 7 band differences -different (Tenover et al., 1995) . This method is a crude score of the presence or absence of restriction enzyme recognition sites that is not related to total effects of genome organization (i.e the position of SmaI sites with respect to genes and mobile genetic elements). This variability in determining when an isolate is related can be partly attributed to mobile genetic elements. One report demonstrated that Enterococcus faecalis isolates can have up to seven different SmaI fragments due to the insertion of transposon Tn916 and still be closely related (Thal et al., 1997) . A novel insertion sequence (IS1548) has been found inserted into the hyaluronidase (hylB) gene of some group B streptococci (Granlund et al., 1998) . The hylB gene may be a virulence factor that is inactivated by IS1548 insertion. Insertion sequences (Podglajen et al., 1995) and plasmids (Boyd & Hartl, 1998) have been associated with virulence factors found in closely related isolates. IS1548 has also been found associated with a group of closely related Streptococcus agalactiae isolates that differ by PFGE (Rolland et al., 1999) . Evidence for genomic rearrangements has been obtained from Campylobacter jejuni isolated from poultry, by demonstrating that isolates with different PFGE genotypes have identical flagellin genotypes, serotypes, biotypes and phage types (Wassenaar et al., 1998) . In another study two human isolates of Campylobacter jejuni were shown to change their PFGE patterns after intestinal passage, providing further evidence for genomic rearrangement (Haninen et al., 1999) . These results demonstrate that in many cases PFGE typing is over sensitive in detecting differences for the determination of isolate relatedness.
Genomic maps of polymorphic markers. The intronencoded restriction endonuclease I-CeuI only recog-nizes a 23 bp sequence specific to all 23S rRNA genes producing a number of restriction fragments which correspond to the number of rRNA operons per bacterial genome (Liu et al., 1993) . It has been used to show that isolates of Salmonella typhi (Liu & Sanderson, 1995 Liu et al., 1999 ; Ng et al., 1999) , Bordetella pertussis (Stibitz & Yang, 1999) , host-specialized species of Salmonella (Liu & Sanderson, 1998) and some isolates of Pasteurella haemolytica have similar rrn genome organization, differing only by minor insertions, deletions, transpositions, duplications or inversions (Fig. 2) . In contrast, when the isolates are more diverse as between Aeromonas (Umelo & Trust, 1998) , Salmonella enterica (Echeita & Usera, 1998) , Pseudomonas stutzeri (Ginard et al., 1997) , Pasteurella haemolytica and Pasteurella multocida isolates, genome organization becomes more divergent reflecting large chromosomal rearrangements (Fig. 2 ) correlating with 16S rRNA sequence data for Pasteurella haemolytica and Pasteurella multocida . In Vibrio cholerae, amplification of rrn operon number from 9 to 10 has been shown to have occurred in one isolate (Khetawat et al., 1999) . Variations in genome size have been detected by rrn backbone differences associated with pathogenicity islands in Escherichia coli (Rode et al., 1999) . The rrn genome organization has also been shown to change in laboratory populations of Escherichia coli (Bergthorsson & Ochman, 1999) . By using an enzyme that specifically targets rrn operons (I-CeuI) PFGE has been transformed from a technique that recognizes 6-8 nt sequences at non-specific sites into one that recognizes specific genetic elements to create a genomic skeleton of rrn organization. Similarly, a genomic map of polymorphic markers can be assigned directly to chromosomal sites (dependent on primer sequence) by V. Gu$ rtler and B. C. Mayall direct sequence analysis of the fragments, to obtain a portable map of polymorphisms using RAPD (Mitchelson et al., 1999) and AFLP (Castiglioni et al., 1998 ; Rouppe van der Voort et al., 1999 ; Spinella et al., 1999) . Even though these methods recognize random DNA sequences it has been shown by DNA sequencing that corresponding bands have identical sequences between isolates that in many cases correspond to specific gene functions (Hurtado et al., 1999 ; Sohier et al., 1999 ; Zavaleta et al., 1997) . When PFGE, AFLP or RAPD markers are assigned to specific genetic loci, polymorphisms can be associated with specific gene functions.
Summary and conclusions -random whole-genome analysis
Random whole-genome analysis techniques have been applied mainly in strain differentiation in hospital epidemiology (RAPD, PFGE) and to a smaller extent in taxonomy (AFLP). Technically, RAPD suffers from non-reproducibility, and PFGE from non-portability : however, the problem highlighted by the availability of whole-genome sequences is the randomness of the sites targeted by these methods. It is currently unclear where these sites are in relation to stable (housekeeping) and mobile (exchangeable) genes (see Fig. 1 ). In essence, these techniques represent phenotypic analysis. The criteria for strain differentiation in terms of band differences may be suitable for individual species, e.g. MRSA where divergence is expected to be minimal because of its recent origin : these same band difference criteria may not apply well to other species such as enterococci (including vancomycin-resistant strains), where divergence may have occurred over some time. Random whole-genome methods will need to be evaluated in terms of whole-genome analysis before there can be confidence in their validity for strain differentiation. Even when whole-genome analysis data becomes available, there will be no certainty that criteria for strain differentiation will appear : these will depend on empirical epidemiological evaluation. In relation to taxonomy, random wholegenome methods can be seen to have only the same standing as phenotypic methods.
(b) Specific gene variation
Both single-locus and multilocus approaches have been used for molecular typing of isolates. The singlelocus approach uses highly variable genes that have been directly implicated in causing disease ; examples will be given including pathogenicity islands, the mecA gene of Staphylococcus aureus, the van genes of Enterococcus faecium and Enterococcus faecalis and Clostridium botulinum neurotoxins. In contrast, multilocus approaches used include multi-locus sequence typing (MLST) and analysis of multi-gene families such as rrn operons and tRNA genes. The latter includes 16S rRNA variations ; intergenic (16S-23S rDNA) spacer region (ISR) typing ; ISR concerted evolution ; ISR tRNA genes and tRNA genes not associated with rrn operons.
Single-locus typing. Pathogenicity islands have been found in a number of bacterial species (see Franco et al., 1999) an example being the "6 kb pathogenicity island found exclusively in 113 enterotoxigenic Bacteroides fragilis isolates (Franco et al., 1999) . Pathogenicity islands contain virulence genes, mobilization elements and they have a GjC content different from the rest of the chromosome, implying possible horizontal transfer. The methicillin-resistance determinant mecA has been used to identify by PCR the specific subpopulation of Staphylococcus aureus isolates that are resistant to methicillin (MRSA) (Salisbury et al., 1997) . However, even though the mecA gene is not found in antibiotic-susceptible isolates of Staphylococcus aureus, mecA can be detected in coagulasenegative staphylococci such as Staphylococcus epidermidis (Kobayashi et al., 1996 ; Ryffel et al., 1990) . The vancomycin-resistant isolates of Enterococcus faecalis and Enterococcus faecium can by identified by PCR amplification of van genes (Miele et al., 1995) which have homology to ligase genes found in Enterococcus gallinarum, Enterococcus flavescens, Lactobacillus sp., Streptomyces toyocaensis (Marshall et al., 1997) and Bacillus popilliae (Rippere et al., 1998) . Extensive nucleotide sequence information of genes encoding the various botulinum neurotoxin antigenic types of the four phenotypic groups of Clostridium botulinum has demonstrated significant discordance with 16S rRNA phylogeny (Collins & East, 1998) . It has now been proposed to divide these isolates into separate species based on the four phenotypic\ phylogenetic groups and not solely on toxin production (Collins & East, 1998) . The single loci often chosen for molecular typing are highly variable (shown by the above examples) so that their rates of evolution and susceptibility to recombination events will obscure true relationships between isolates.
Multilocus sequence typing (MLST).
Multilocus enzyme electrophoresis (MLEE) is a technique that employs highly variable loci whereby 20 housekeeping enzymes that accumulate neutral variation provide more discrimination than the inadequate amount of discrimination a single housekeeping enzyme would provide (Selander et al., 1986) . MLST is an extension of MLEE in which " 500 nt of each of a number of housekeeping alleles are sequenced and the unique sequence of each gene fragment is considered a unique allele ; dendograms are constructed from the matrix of pairwise differences between the allelic profiles (Maiden et al., 1998 ; Spratt, 1999) . MLST, initially evaluated for Neisseria meningitidis (Maiden et al., 1998) , has been developed for Streptococcus pneumoniae (Coffey et al., 1999 ; Enright et al., 1999 ; Enright & Spratt, 1998 ; Shi et al., 1998) and Staphylococcus aureus (Enright et al., 2000) : schemes for Streptococcus pyogenes and Haemophilus influenzae are near publication (Spratt, 1999) . These studies have identified three major penicillinresistant or multiply antibiotic-resistant clones of On: Fri, 28 Dec 2018 03:40:45
Genomic taxonomy of bacteria Streptococcus pneumoniae from Spain (Enright et al., 1999) and Taiwan (Shi et al., 1998) . Serotype variant 14 isolates have been shown to be members of one of the aforementioned antibiotic-resistant clones even though they have a different serotype due to a recombinational exchange that replaced the serotype 9V cps capsular gene region with that from a serotype 14 isolate (Coffey et al., 1999 (Coffey et al., , 1998 . MLST is simple and portable between laboratories, however the cost of sequencing seven gene fragments for each isolate is prohibitive. The use of a mutation screening technique such as DGGE, CSGE or SSCP would reduce the need for sequencing to only those isolates with a new mutation, thereby substantially reducing the cost.
Evolution of the rrn multigene family. The rrn operon contains the following components in the order (5h to 3h) in most bacteria (Gu$ rtler & Stanisich, 1996) with some exceptions (Gu$ rtler, 1999) : 16S rRNA, spacer, tRNA, spacer, 23S rRNA, spacer and 5S rRNA sequences. The use of 16S rRNA sequences for phylogenetic analysis (Woese, 1987) is now common place and it is becoming more common for the identification of clinical pathogens (Kolbert & Persing, 1999) . The tDNA spacer (De Gheldre et al., 1999) and tDNA sequences have been used to a limited extent even though they may contain significant phylogenetic information. The 23S rRNA gene sequence is twice as long as the 16S rRNA gene sequence and is not as widely used. However, the intergenic (16S-23S rDNA) spacer region (ISR) is now being used more frequently for typing of isolates (Gu$ rtler & Stanisich, 1996) , evolutionary studies (Garcia-Martinez et al., 1999 ; Gu$ rtler & Stanisich, 1996) and microbial diversity studies (Fisher & Triplett, 1999) .
Sequence heterogeneity within the rrn multigene family.
Relatively high levels of sequence heterogeneity within the 16S rRNA gene between different members of the rrn multigene family have been described between isolates for a number of bacterial species (Harrington & On, 1999 ; Martı! nez-Murcia et al., 1999 ; Yap et al., 1999 ; and references therein) . A mutation in the 16S rRNA gene responsible for aminoglycoside resistance is recessive on the two rrn operons of Mycobacterium smegmatis (Prammananan et al., 1999) . The mechanism was shown to be dependent on recombination between the two rrn operons with the frequency of conversion to the drug-resistant phenotype much higher for heterozygotes (10 V %), than for spontaneous 16S rRNA mutations in an isolate with a single rRNA allele (10 V )). This property, whereby the mutation frequency is much higher in the rrn multigene family (recombination dependent) than spontaneous mutation rates found in e.g. housekeeping genes, may be of considerable value in determining evolutionary mechanisms.
Concerted evolution of the rrn multigene family. Members of multigene families such as the rrn gene family (see Fig. 2 ) have a tendency towards becoming identical in DNA sequence (homogenization or concerted evolution). Recent evidence suggests that the molecular mechanisms involved in this process involve gene conversion by recombination (Gu$ rtler, 1999 ; . When the rate of these recombination events is high the DNA sequences in the gene family are expected to be uniform, and when the rate is low variability is expected. It has been found that in the rrn multigene families of various species, variability was at the level of insertions and deletions whose sequences were conserved when present (Gu$ rtler, 1999 ; Perez Luz et al., 1998) . In one of these studies it was claimed that phylogeny generated by ISR1 sequences is roughly consistent with that of 16S rRNA or housekeeping genes, however the important question of the rate at which these changes take place was not addressed. In another study, anomalies were seen in the diversity of V1 stems of the 16S rRNA gene that occurred in Escherichia coli isolates, suggesting that stem V1 has been subject to a rate of mutation higher than that of a recombination dependent mechanism such as concerted evolution (Martı! nez-Murcia et al., 1999) . Further work needs to be done to determine the role of these anomalies in bacterial taxonomy and typing.
Summary and conclusions -specific gene variation
Presently the value of specific gene variation in bacterial taxonomy and typing is unclear for the following reasons :
(i) variability of single loci can obscure true relationships between isolates ;
(ii) new techniques are required to obtain DNA sequence information on large numbers of single loci from large numbers of isolates ;
(iii) the role of rrn recombination in phylogenetics, evolution and typing has not been established ;
(iv) the role of intra-isolate variation of rrn operons in bacterial taxonomy and typing has not been established.
(c) Mobile genetic elements
Mobile genetic elements including insertion sequences, plasmids and transposons have been used for typing studies in a number of species including Staphylococcus aureus (Cuny & Witte, 1996 ; Deplano et al., 1997) , Haemophilus influenzae (Levy et al., 1993) , Salmonella enterica (Echeita & Usera, 1998), Mycobacterium species (Gordon et al., 1999 ; Yoder et al., 1999) and Enterococcus faecalis (Thal et al., 1997) . The mechanisms by which these elements introduce variation into band patterns produced by SmaI PFGE, RAPD or AFLP, by changing genome organization will be discussed below. The integration of these elements horizontally or vertically (Fig. 3) to change genome information by introducing factors for pathogenesis or antibiotic resistance will also be discussed. Fig. 3 . Evolution of mobile genetic elements, including transposons, insertion sequences and plasmids. Horizontal arrowed lines depict transfer or genetic elements within isolates or cultures and vertical arrowed lines depict transfer between more distantly related isolates.
bacterium tuberculosis H37Rv (Cole et al., 1998) has enabled the identification of 30 different insertion sequences and 56 loci with homology to insertion sequences (Gordon et al., 1999) . Only four of these insertion sequences were absent in 29 clinical mycobacterial isolates which included the species Mycobacterium africanum, Mycobacterium microti, Mycobacterium bovis and Mycobacterium tuberculosis (Gordon et al., 1999) . The number of intra-genomic loci with homology to insertion sequences has not been determined in other bacterial species, however from the number of insertion sequences identified in other bacteria it can be expected that the numbers will be similar. This means that insertion sequences will play a major role in determining band differences between isolates produced by methods such as PFGE, RAPD and AFLP, in many bacterial species. Both horizontal transfer and clonal spread of bacteria have been associated with insertion sequences. Isolates of Streptococcus pneumoniae serotype 6B (Robinson et al., 1998) and Bordetella spp. (van der Zee et al. , 1997) have been shown by MLEE and insertion sequence typing to be predominantly clonal for as long as 8 years. On the other hand, it has been suggested that horizontal gene transfer of (i) the vancomycin-resistance determinant Tn1546 has taken place between Enterococcus faecium isolates of human and animal origins (Jensen et al., 1998 ; Stobberingh et al., 1999 ; Willems et al., 1999) ; (ii) the exopolysaccharide synthesis loci between Lactococcus lactis and Streptococcus thermophilus and between Streptococcus thermophilus isolates (Bourgoin et al., 1999) have occurred. The insertion element IS30 is common in Escherichia coli but rare or absent in Salmonella sp. due to a lack of hotspot targets in the latter species (Casadesus et al., 1999) . This may explain why insertion sequences are not detected in some species or groups of isolates.
Chromosomal integration of bacteriophages and plasmids into tRNA genes. The integration of bacteriophages and plasmids into specific sequences will also have an effect on PFGE, RAPD and AFLP fragment patterns. A number of different tRNA genes have been identified as site-specific integration sites including tRNase r (Bar-Nir et al., 1992) , tRNA phe (Brown et al., 1990) , tRNA gly (Lee et al., 1991) , tRNase lC (Inouye et al., 1991) , tRNA gly (Ravatn et al., 1998) , tRNA arg (Van Mellaert et al., 1998) , tRNA ala (Freitas-Vieira et al., 1998) and tRNA asp (Magrini et al., 1999) in Streptomyces griseus, Saccharopolyspora erythraea, Mycobacteria smegmatis and tuberculosis, Escherichia coli, Pseudomonas sp. Strain B13, Streptomyces venezuelae, Mycobacterium spp. and Myxococcus xanthus respectively. It was not determined whether the tRNA ala gene (Freitas-Vieira et al., 1998) was located in the ISR. Evolution of bacterial isolates with respect to integration of mobile genetic elements into tRNA genes has not been studied. Further studies in this area may help to determine the relatedness of isolates that may have otherwise not been determined as related.
Summary and conclusions -mobile genetic elements
Mobile genetic elements such as transposons, insertion sequences, bacteriophages and plasmids all play a major role in producing variability in band patterns between isolates produced by AFLP, PFGE and RAPD. Some insertion events occur into specific genes such as tRNA genes. These mobile genetic elements are subjected to high frequency duplication events raising the question of whether these events constitute isolate divergence. Thus, the use of mobile genetic elements in bacterial taxonomy and typing is questionable for the following reasons : (i) the role of mobile genetic elements in producing RAPD, PFGE and AFLP band variations due to DNA mobility has not been established as band variations due to DNA mobility may not necessarily mean isolates are different ; (ii) little work has been done on the value of tRNA genes and the insertion of mobile genetic elements into tRNA genes and flanking regions and the value of these events in phylogenetics and bacterial typing.
CONCLUSIONS
Clonality versus horizontal gene transfer
In bacterial populations the transmission of genetic information during asexual reproduction is regarded as vertical by passing from mother to daughter cell ( Fig. 3, vertical lines) . However, movement of some genetic material is horizontal and consequently does not share a recent ancestor (Fig. 3, horizontal lines) . In the absence of horizontal gene transfer, a given mutation will be associated with other mutations that have accumulated in the ancestors of that lineage and so this bacterial population will be considered clonal.
In contrast, when mutations occur in different sites in random combinations often due to recombination, the populations are considered non-clonal. The proposal has been put forth (based mainly on MLEE and MLST data) that different bacterial species have population structures with varying levels of clonality (Spratt & Maiden, 1999) : (i) clonal -isolates are largely uniform (e.g. Salmonella enterica) ; (ii) nonclonal -isolates are largely heterogeneous with evidence for recombination extensive (e.g. Neisseria gonorrhoeae) and (iii) weakly clonal population structures (e.g. Escherichia coli). From the current literature the contribution of clonality and horizontal gene transfer to population structures of bacterial isolates has been examined only sparsely. The use of the whole-genome approach to variable characters may significantly contribute to this question.
Model for determining bacterial isolate relatedness
The final section of this review will present a model based on the type of genome structure\organization information required to adequately determine the relatedness of bacterial isolates. The information presented in this review will be incorporated into this model. The variable characters defined in the model shown in Fig. 4 can be determined with complete portability by band pattern analysis or more rapid techniques such as microarray technology (see below) when the position of each polymorphic site can be determined for each isolate from the complete genome sequence of the respective species. The differences between isolates(s) for each variable factor listed above can then be expressed as a data matrix for each position at the respective site shown in Fig. 4 . The number of differences (∆) between isolates can then be determined at specific nucleotide positions for each Fig. 4 . A measure of the different evolutionary rates of different regions of the chromosome may be obtained by determining the homoplasy (H) of each character type. Finally, to confirm the phylogenetic approach of determining homoplasy for measuring differences in different parts of the genome, the rate of change (r) of each character type can be measured (Fig. 4) .
To determine the rates of change of different regions of the bacterial chromosome, experimental methods for determining the rates of change of the character types defined in Fig. 4 will be required (Ochman et al., 1999 ; Papadopoulos et al., 1999) . A model system for determining these rates of change will be required before they can be determined in natural populations. A 10 000 generation experiment of Escherichia coli has been used to demonstrate insertions, deletions and duplications of insertion sequences (Papadopoulos et al., 1999) . In order to determine the rates of change of different regions of the chromosome a 10 000 generation experiment can be used to compare the rates of change for the different character types defined in Fig. 4 . From the studies reviewed by this paper it is predicted that the rrn gene family will evolve at an intermediate rate between the 16S rRNA gene sequences (slow or at the species level) and random characters (changing rapidly) that will discriminate between isolates (e.g. PFGE, RAPD and AFLP). These intermediate differences may be of value for determining new phylogenetic divisions within species. It has already been suggested that this is the case using I-CeuI digestion and PFGE to map the rrn backbone of a number of bacteria . The main theme of this review has been the consideration of whole-genome organization and structure for the analysis of DNA fragment patterns. As whole-genome DNA sequence information becomes available for bacterial isolates, methods and approaches for analysing this data will be required. Rapid DNA fragment analysis methods will complement whole-genome sequencing methods with DNA sequencing and new technology such as microarray technology (see below) eventually superseding the less accurate fragment analysis methods. In future, more information useful for determining the relatedness of bacterial populations may be obtained by analysing polymorphic sites from whole-genome sequencing data.
The future -DNA chips and genome analysis
To analyse large numbers of polymorphisms in whole bacterial genomes, the development of microarray technology holds considerable promise. The specific configurations of the arrays are as wide as is the range of applications. However, in nearly all cases a set of oligonucleotides or PCR products is attached to a solid support to cover as many polymorphisms as possible. The methods for manufacture include photo-lithographic synthesis (Beier & Hoheisel, 2000) , microelectrodes for multiplex DNA hybridization (Heller et al., 2000) and AFLP microarrays (Kawamoto et al., 1999) . High-density oligonucleotide arrays have been used to analyse nucleotide polymorphisms to analyse intra-and interspecies genetic variation in population genetics (Chakravarti, 1999 ; Hacia et al., 1999) . In order to solve the mathematical problems associated with producing these arrays and analysing the massive amounts of data produced, DNA computing on a chip has been developed (Liu et al., 2000 ; Ogihara & Ray, 2000) . Finally, to improve the sensitivity and specificity for mutation detection of these procedures, new amplification techniques have been developed such as rolling circle amplification (Baner et al., 1998 ; Hatch et al., 1999 ; Lizardi et al., 1998 ; Nilsson et al., 1994 ; Zhang et al., 1998) and mutation detection using DNA enzymes (Cairns et al., 2000 ; Santoro & Joyce, 1997) . The application of these techniques to genomic typing of bacteria by analysing large numbers of polymorphisms simultaneously will radically change the way bacterial isolates are genotypically characterized.
CONCLUDING REMARKS
The analysis of DNA sequences has significantly furthered knowledge about the relatedness of different isolates in at least three categories (as described in this review) including (a) random whole-genome anlysis, (b) specific gene variation and (c) mobile genetic elements. The numerous studies in these areas (many reviewed here) has provided considerably more information than traditional phenotypic methods and with this more questions have been raised that were previously not evident. Some of the questions that have been raised are summarized in the summary of each of categories -(a), (b) and (c) stated above. Many of the methods used are not fully sequence-based, but with the advent of whole-genome sequencing it may be possible to answer some of these questions. The model presented in this review aims to provide a framework for future studies.
